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Abstract 
When ferritic stainless steels are exposed to the temperature range of 700-800°C, embrittlement takes place, which is known as 
the ı-phase embrittlement. In the present study, axial fatigue tests were conducted using a high-chromium ferritic stainless steel, 
type 447 with the chromium content of 30.7%, which was aged at 750°C for 150h and 300h, and the effect of ı-phase
embrittlement on the fatigue behaviour was discussed. Vickers hardness increased significantly by aging due to the precipitation
of hard ı-phase. The aged specimens exhibited much lower fatigue strengths than the un-aged one, where fatigue strength 
decreased with increasing aging time. The precipitation of brittle ı-phase reduced the crack initiation and growth resistances, 
resulting in the lower fatigue strengths of the aged specimens. 
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1. Introduction 
Ferritic stainless steels are increasingly used for the automotive exhaust systems [1] because of their excellent 
resistance to stress corrosion cracking, good toughness, ductility and weldability, compared with conventional 
austenitic stainless steels [2, 3]. Components in the exhaust systems are exposed to the temperatures up to 1000qC
depending on their position from engines, i.e. the temperatures in the exhaust systems vary from 100qC for tail end 
pipe to approximately 1000qC for exhaust manifold [3].  
Although ferritic stainless steels have excellent properties, they undergo embrittlement at elevated temperatures 
such as 475qC embrittlement [4-7] and ı-phase embrittlement [8-10]. Especially, ı-phase embrittlement occurs 
when ferritic stainless steels are exposed to the temperatures range of 700-800qC. The precipitation of hard ı-phase, 
which mainly consists of Fe and Cr, would cause the reduction of toughness, ductility and corrosion resistance. 
Furthermore, ı-phase embrittlement frequently occurs in ferritic stainless steels with high chromium contents. 
Therefore, in order to ensure their safety and reliability, it is very important to understand the effect of ı-phase 
* Corresponding author. Tel.: +81-58-293-2501; fax: +81-58-293-2491. 
E-mail address: yuematsu@gifu-u.ac.jp. 
c© 2010 Published by Elsevier Ltd.
Procedia Engineering 2 (2010) 275–281
www.els /locate/procedia
1877-7058 c© 2010 Published by Elsevier Ltd.
doi:10.1016/j.proeng.2010.03.030
Open access under CC BY-NC-ND license.
Open access under CC BY-NC-ND license.
2 T. Yamagishi et al. / Procedia Engineering 00 (2010) 000–000 
embrittlement on the fatigue behaviour in high-chromium ferritic stainless steels. In the present study, fully reversed 
axial fatigue tests were conducted using a high-chromium ferritic stainless steel, type 447, which was aged at 750°C 
for 150h and 300h, and the effect of ı-phase embrittlement on the fatigue behaviour was discussed.  
2. Experimental details 
2.1. Materials and specimen configuration 
The material used in the present study is a high-chromium ferritic stainless steel (type 447) which was received 
as rolled plates with a thickness of 6 mm. The chemical composition (mass. %) is C: 0.002, Si: 0.29, Mn: 0.31, P < 
0.001, S: 0.002, Cr: 30.66, Mo: 2.11, N: 0.001, Fe: balance.  
Fatigue specimens with 8 mm width, 6 mm thickness and 13.4 mm gauge length were machined so that their axis 
was parallel to the rolling direction. The fatigue specimen configuration is shown in Fig.1. A shallow notch of 0.5 
mm depth whose stress concentration factor is 1.06 was introduced on one side of the gauge section in order to 
facilitate the observation of crack initiation and subsequent small crack growth. The stress concentration is very 
small, thus the specimens can be regarded as smooth ones. After machining, the specimens were aged at 750°C for 
150h and 300h in a vacuum furnace and then they were mechanically polished using progressively finer grades of 
emery paper before fatigue test. 
Fig. 1. Fatigue specimen configuration 
2.2. Procedures 
Fully reversed axial fatigue tests (stress ratio R=-1) were conducted under load-controlled condition on a 49 kN 
capacity electro-hydraulic fatigue testing machine operating at a sinusoidal frequency of 10 Hz. Crack initiation and 
subsequent small crack growth were monitored with plastic replication technique. In order to identify the constituent 
elements of the precipitates, analysis was performed by means of energy dispersive X-ray spectroscopy (EDX). 
After experiment, fracture surfaces were examined in detail using a scanning electron microscope (SEM). 
3. Results
3.1. Microstructure and age hardening behaviour 
Figure 2 reveals the microstructures of the un-aged, 150h-aged and 300h-aged specimens observed on the cross 
section perpendicular to the rolling direction. Equiaxed grain structure is seen in the un-aged specimen, whose mean 
grain size is 88ȝm. In contrast, the precipitation of ı-phase is recognized in the aged specimens, where the 
distribution of ı-phases becomes much denser with increasing aging time. The ı-phases precipitate along the grain 
boundaries in the 150h-aged specimen, while they can also be seen within the grains in the 300h-aged specimen. 
276 T. Yamagishi et al. / Procedia Engineering 2 (2010) 275–281
T. Yamagishi et al. / Procedia Engineering 00 (2010) 000–000 3
Figure 3 shows the results of EDX line analysis, indicating that the ı-phase is Fe-Cr-Mo system intermetallic 
compound, in which Cr and Mo are richer than the ferritic phase (Į-phase). 
Figure 4 represents Vickers hardness as a function of aging time, where measurements were done at a load of 
4.9N. It can be seen that hardness increases with increasing aging time. The local hardness at the ı- and Į-phases 
was measured at a load of 0.98N using a 500h-aged specimen. The hardness is 704HV and 233HV at the ı- and Į-
phases, respectively, while the hardness of the un-aged specimen is 201HV. This indicates that the increase of 
hardness shown in Fig.4 may be attributed to hard ı-phases precipitated in the soft Į-phase. It should be noted that 
the precipitation of ı-phase and the increase of hardness were not recognized by aging at 750°C in type 444 ferritic 
stainless steel whose chromium content was 18.7%. 
50ȝm50ȝm50ȝm
(c)(b)(a) 
Fig. 2. Microstructures of materials: (a) un-aged, (b) aged for 150h, (c) aged for 300h 
Fig. 3. EDX analysis of ı-phase      Fig. 4. Vickers hardness as a function of aging time 
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3.2. Tensile properties 
Tensile tests were performed using specimens in accordance with Japanese industrial standard, JIS2201. The 
tensile properties are summarized in Table 1. Both tensile strength and elongation considerably decrease with 
increasing aging time. Typical fracture surfaces of the un-aged and 300h-aged specimens are shown in Fig.5. The 
fracture surface of the un-aged specimen is covered with dimples showing ductile fracture. On the contrary, flat 
facets are dominant on the fracture surface of the aged specimen, where brittle fracture occurred. Therefore, ı-phase 
embrittlement increases hardness, but decreases tensile strength and ductility. 
T. Yamagishi et al. / Procedia Engineering 2 (2010) 275–281 277
4 T. Yamagishi et al. / Procedia Engineering 00 (2010) 000–000 
3.3. Fatigue strength 
The fatigue test results are shown in Fig.6. As can be seen in Fig.6(a), the fatigue strengths remarkably decrease 
with increasing aging time similar to the tensile strength. The fatigue strengths at 107 cycles, hereafter fatigue limits, 
are 270MPa, 180MPa and 140MPa for the un-aged, 150h-aged and 300h-aged specimens, respectively. Figure 6(b)  
Table 1. Mechanical properties of materials 
Type 447 0.2% proof stress V0.2(MPa) 
Tensile strength 
V%  (MPa) 
Elongation 
G  (%) 
Reduction of area  
ĳ (%) 
Un-aged 343 522 33 75
750ºC  / 150h 360 402 0.6 - 
750ºC  / 300h 345 353 0.3 - 
(a) (b)
20ȝm10ȝm
Fig. 5. Tensile fracture surfaces: (a) un-aged, (b) aged for 300h 
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Fig. 6. S-N diagrams characterized in terms of (a) stress amplitude, (b) fatigue ratio.  
represents the fatigue strength characterized in terms of fatigue ratio, ıa/ıB, which is the ratio of stress amplitude to 
tensile strength. It can be seen that the aged specimens exhibit lower fatigue strengths than the un-aged one. It 
should be noted that the degradation of fatigue strengths in the aged specimens could not be related to their lower 
tensile strengths quantitatively. Fatigue fracture surfaces near crack initiation sites are revealed in Fig.7. In the un-
aged specimen (Fig.7(a)), the crack is generated due to cyclic slip deformation. On the other hand, brittle features 
are recognized on the fracture surfaces of the aged specimens (Fig.7(b), (c)). It is difficult to define whether fatigue 
crack initiated at ı- or Į-phase from the fractographic analysis. 
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(a) (b) (c)
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Fig. 7. Fatigue fracture surfaces near crack initiation sites: (a) un-aged (ı=270MPa, Nf=8.5u106), (b) aged for 150h (ı=220MPa, Nf=2.2u105), (c) 
aged for 300h (ı=220MPa, Nf=2.2u105)
3.4. Fatigue crack initiation and growth 
The relationship between surface crack length, 2c, and number of cycles, N, is shown in Fig.8. It is clear that the 
crack initiation life is significantly reduced by aging. The arrows in the figure represent the coalescence between sub 
and main cracks, indicating that many sub-cracks were generated in the aged specimens. Thus, aging has detrimental 
effect on the crack initiation resistance. Figure 9 reveals the crack initiation behaviour observed on the surface of the 
aged specimens. As shown in the figure, cracks initiated in soft Į-phase in the 150h-aged specimen (Fig.9(a)), while 
in brittle ı-phase in the 300h-aged specimen (Fig.9.(b)). Consequently, the transition of crack initiation mechanism 
occurs depending on the aging time. 
The relationship between crack growth rate, da/dN, and maximum stress intensity factor, Kmax, is shown in Fig.10. 
The aged specimens exhibit faster crack growth rates than the un-aged one, indicating that the aging has detrimental 
effect on the crack growth resistance. 
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Fig. 8. Relationship between surface crack length and number of cycles. Arrows indicate coalescence of cracks 
(a) (b)
Į-phase
ı-phase
crack
50ȝm 5ȝm
Fig. 9. Micrographs showing crack initiation at specimen surface: (a) aged for 150h (V=220MPa, N=7.0u104), (b) aged for 300h (V=180MPa, 
N=2.2u105). Loading axis is the vertical direction. 
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4. Discussion 
Aging resulted in the dense distribution of brittle ı-phase in the soft Į-phase and reduced fatigue strength. In 
order to figure out the effect of ı-phase on the crack growth behaviour, small crack growth was monitored using a 
150h-aged specimen. Figure 11 (a) is optical micrograph showing the crack growth path and Fig.11 (b) indicates the 
relationship between crack growth rate at the surface, dc/dN, and surface crack length, c, at ı = 220MPa, i.e. the 
crack growth rate at both crack tips are plotted against crack size. In Fig.11(a), the arrow indicates the crack 
initiation site and the locations “A”~”E” correspond to those in Fig.11(b). When the crack tip encounters brittle ı-
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Fig. 11. Small crack growth path: (a) Optical micrograph, (b) Relationship between dc/dN and half crack length. Arrow indicates crack initiation 
site. Loading axis is the vertical direction 
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phase, the crack growth rate is temporarily retarded as shown by the locations “A”, “B” and “C”. However, when 
the crack grows through ı-phase as shown between the locations “A” and “D”, and “C” and “E” in Fig.11(b), the 
crack growth rates are very fast. This indicates that hard ı-phases could accelerate crack growth rates because of its 
brittle fracture mode.  
In the 300h-aged specimen, cracks initiated due to brittle fracture of ı-phase as shown in Fig.9(b), because the 
distribution of hard ı-phase is very dense. The reduced crack initiation resistance may be attributed to brittle 
fracture of ı-phase in an early stage of fatigue life. In the 150h-aged specimens, however, cracks initiated due to 
cyclic slip deformation in the Į-phase (Fig.9(a)). It is considered that the precipitation of Cr and Mo rich ı-phase 
reduced the Cr and Mo concentration in the Į-phase, resulting in the reduced crack initiation resistance against 
cyclic slip deformation. Consequently, it is concluded that the lower fatigue strengths of the aged specimens could 
be attributed to the reduced crack initiation and growth resistances as shown in Figs.8 and 10, and the transition of 
fatigue crack initiation and growth mechanisms resulted in the different fatigue strengths among three specimens in 
the S-N diagram characterized in terms of fatigue ratio, ıa/ıB (Fig.6(b)). It should be noted that the aging has more 
detrimental effect on the crack initiation rather than the small crack growth, because the crack initiation lives were 
considerably reduced by the aging as shown in Fig.8.  
5. Conclusion 
Fully reversed axial fatigue tests were performed using a high-chromium ferritic stainless steel, type 447, aged at 
750ºC for 150h and 300h. The effect of ı-phase embrittlement on the fatigue behaviour was discussed. Based on 
experimental observations, the following conclusions can be made. 
(1) Vickers hardness increased with increasing aging time. This could be attributed to the precipitation of hard ı-
phase, which was identified as Fe-Cr-Mo system intermetallic compound. Both tensile strength and elongation were 
reduced with increasing aging time due to the ı-phase embrittlement. 
(2) The aged specimens exhibited lower fatigue strengths than the un-aged one, where the fatigue strength 
decreased with increasing aging time.  
(3) Cracks initiated at ı-phase in brittle manner in the 300h-aged specimens, while they were generated due to 
cyclic slip deformation of ferritic phase in the 150h-aged specimens.  
(4) The aging accelerated crack growth rates and considerably reduced crack initiation lives. Thus, the lower 
fatigue strengths of the aged specimens could be attributed to the reduced crack initiation and growth resistances.   
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